Introduction
============

The skillful manipulation of metastable states in stimuli-responsive materials is extensively used for sensing, energy harvesting, biomedical engineering, *etc.*[@cit1] However, materials in metastable states would be destructive for applications requiring consistent performance under various conditions. Considering the metastable matter of supercooled liquids (SCLs) as an example, the kinetically trapped melts below their melting points often crystallize as energetically favoured solids.[@cit2] Such a phase transition in π-conjugated molecular systems always changes the optoelectronic properties.[@cit3] Therefore, SCLs obstruct long-term reliability when used as contributing components in optoelectronic devices. Despite decades of active study, the controllability of SCLs remains challenging because of their rich phenomenology and complicated phase transition behaviour.[@cit4]

Recently, room-temperature functional molecular liquids (FMLs),[@cit5] which are fluidic and optoelectronically active in nature, have been widely applied in luminescent inks,[@cit6] host--guest binding media,[@cit7] and flexible optoelectronic devices including organic light-emitting diodes,[@cit8] photovoltaics,[@cit9] and organic semiconductors.[@cit10] FMLs are generally prepared by wrapping a π-conjugated molecular unit with bulky and flexible side chains (alkyl,[@cit6],[@cit8],[@cit11] siloxane,[@cit10b],[@cit12] alkylsilyl,[@cit10a],[@cit13] or ethylene glycol[@cit7],[@cit9a],[@cit14]), which suppress the intermolecular π--π interactions and reduce the melting point to below room temperature (20 ± 5 °C). To date, several strategies have been proposed for powerful liquefaction of solid π-molecules.[@cit15] However, some FMLs are SCLs with melting points above room temperature; even when obtained as fluids, they solidify over time.[@cit16] The latent crystallization of supercooled FMLs, which occurs over very long time periods because of the highly amorphous side chains, impedes the identification of SCLs. To guarantee reliable functioning of FMLs-based devices, techniques to disclose indistinguishable supercooled FMLs and molecular design strategies to produce kinetically stable FMLs are necessary.

In this study, we focus on the effects of side chain-content ratio and π-skeleton structure on the phase behaviours of FMLs, aiming to establish molecular design principles for FMLs with kinetic stability at room temperature. As a proof of concept, we report the liquefaction of a model π-conjugated molecule, namely, 9,10-diphenylanthracene (**DPA**) (melting point: 249--250 °C),[@cit17] with bulky and flexible branched alkyl chains. Guerbet alcohol-based[@cit18] branched alkyl chains of different lengths were attached to the 3,5-substituent positions of the phenyl units in **DPA** ([Fig. 1a](#fig1){ref-type="fig"}, **DPA*n***, *n* = 2, 4, 6, 8, and 10, where *n* denotes the number of carbons in the branched hydrocarbon chain substituted at the β-position of the longer hydrocarbon chain). The compounds with *n* ≥ 6 were successfully liquefied ([Fig. 1b](#fig1){ref-type="fig"}). However, the kinetic stability of the resulting liquids depended strongly on the alkyl-**DPA** content ratio in the molecular system. Furthermore, by introducing bulky bromine atoms on the 2,6-positions of the anthracene unit, the kinetic stability was efficiently improved ([Fig. 1a and b](#fig1){ref-type="fig"}, **DPA8Br**).

![(a) Chemical structures of **DPA*n*** (*n* = 2, 4, 6, 8, and 10) and **DPA8Br**. (b) Photographs of freshly synthesized **DPA*n*** and **DPA8Br** in daylight at 20 °C, with a drop of fluid or powder of solid on a glass plate. (c) Photographs of **DPA6**, **DPA8**, and **DPA10** as fresh (left) and after long-term of aging at ambient temperature (right) taken under irradiation of a UV lamp (365 nm).](c8sc02723d-f1){#fig1}

Results and discussion
======================

Synthesis of **DPA** derivatives
--------------------------------

**DPA*n*** compounds were synthesized *via* the Williamson ether reaction from 9,10-bis(3,5-dihydroxyphenyl)anthracene and alkyl bromides with yields over 49% (see details in ESI[†](#fn1){ref-type="fn"}). The 2,6-dibrominated anthracene **DPA8Br** was prepared *via* the bromination of 9,10-bis(3,5-dimethoxyphenyl)anthracene, followed by *O*-demethylation and *O*-alkylation with 2-octyldodecyl chains. All compounds were unambiguously characterized by ^1^H nuclear magnetic resonance (^1^H NMR), ^13^C NMR, and matrix-assisted laser desorption ionization-time-of-flight mass spectrometry (MALDI-TOF MS). The ^1^H and ^13^C NMR spectra confirmed the absence of residual solvents in all fluidic samples.

Crystallization of supercooled **DPA8** and **DPA10** promoted by thermal treatment
-----------------------------------------------------------------------------------

**DPA8**, previously reported as a room temperature liquid,[@cit5b] unexpectedly solidified after aging at ambient conditions for over 6 months ([Fig. 1c](#fig1){ref-type="fig"}). **DPA10** solidified within 4 weeks from its liquid form ([Fig. 1c](#fig1){ref-type="fig"}). To analyze the phase behaviours, we measured thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) for **DPA*n***. TGA confirmed no degradation of any compound below 393 °C (Fig. S1 and Table S1, ESI[†](#fn1){ref-type="fn"}). In the DSC heating traces at 10 °C min^--1^, **DPA2** and **DPA4** exhibit endothermic melting peaks (*T*~m~) at 71.0 °C and 60.5 °C, respectively, whereas **DPA10** exhibits a broad glass-to-isotropic liquid transition (*T*~g~) (\<--50 °C), followed by an exothermic crystallization peak (*T*~c~) at --3.9 °C and a *T*~m~ at 26.6 °C ([Fig. 2a](#fig2){ref-type="fig"}). According to the thermal behaviours of typical organic crystals summarized in Fig. S2 (ESI[†](#fn1){ref-type="fn"}), the fluidic sample of **DPA10** was in a supercooled state below 26.6 °C (Fig. S2c, ESI[†](#fn1){ref-type="fn"}). For **DPA6** and **DPA8**, no melting peaks, other than *T*~g~ (\<--50 °C), are observed in their DSC heating traces ([Fig. 2a](#fig2){ref-type="fig"}). However, after annealing at --45 °C for 12 h, subsequent heating induces the crystallization of **DPA8** at 10.2 °C, which thereafter melts at 21.6 °C ([Fig. 2b(i)](#fig2){ref-type="fig"}). Therefore, the fluidic sample of **DPA8** at temperatures below 21.6 °C is also in its supercooled state, which crystallizes under cold conditions ([Fig. 2b](#fig2){ref-type="fig"}). This result contradicts the previous report that **DPA8** at ambient temperature exists only in liquid form;[@cit5b] thus, FMLs require careful attention to avoid the misuse of their SCL phase.

![(a) DSC thermograms of (i) **DPA2**, (ii) **DPA4**, (iii) **DPA10**, (iv) **DPA6**, (v) **DPA8**, and (vi) **DPA8Br** during the first heating scan from --100 to 95 °C at 10 °C min^--1^ under N~2~ flow (*T*~g,offset~, the offset temperature of the glass-to-isotropic liquid transition; scale bar (sb), 2.0 W g^--1^ for (i--iii) and 0.2 W g^--1^ for (iv--vi)). (b) DSC thermograms of **DPA8** (i) during the heating scan from --45 to 40 °C at 10 °C min^--1^ after annealing at --45 °C for 12 h (sb, 0.1 W g^--1^) and (ii) during the heating/cooling cycles between --45 and 40 °C at 10 °C min^--1^ (orange; sb, 1.6 W g^--1^), 5 °C min^--1^ (blue; sb, 1.6 W g^--1^), 1 °C min^--1^ (green; sb, 0.4 W g^--1^), and 0.2 °C min^--1^ (red; sb, 0.1 W g^--1^) under N~2~ flow.](c8sc02723d-f2){#fig2}

The effect of annealing on the phase behaviour of **DPA8** can be explained by the crystallization mechanism. The crystallization of an SCL occurs *via* two steps of nucleation and subsequent crystal growth.[@cit19] Nucleation can occur at any temperature below *T*~m~, but the tendency increases as the temperature decreases between *T*~m~ and *T*~g~. Therefore, annealing the **DPA8** SCL at --45 °C, which is just above *T*~g~, promotes nucleation. The generated nuclei grow spontaneously at an elevated temperature (*T*~c~), at which the mobility is sufficient for molecular reorientation and self-organization. Since no *T*~c~ was observed in the second heating trace without annealing (Fig. S3, ESI[†](#fn1){ref-type="fn"}), we assumed that the time scale of the heating process at 10 °C min^--1^ was insufficient for **DPA8** crystallization (Fig. S2e, ESI[†](#fn1){ref-type="fn"}). Our assumption was approved by the appearance of a crystallization peak at a long heating process with the scan rate reduced to 0.2 °C min^--1^ ([Fig. 2b(ii)](#fig2){ref-type="fig"}). In sharp contrast, the crystallization of **DPA10** occurred even at 40 °C min^--1^ without annealing (Fig. S4, ESI[†](#fn1){ref-type="fn"}). Therefore, **DPA10** exhibits a greater crystallization tendency than **DPA8** does.

**DPA6** showed no crystallization peak in the DSC traces even after annealing at --45 °C for 12 h or heating at 0.2 °C min^--1^ (Fig. S5, ESI[†](#fn1){ref-type="fn"}). In addition, no solidification was observed during storage at ambient temperature throughout our experimental period (exceeding 1 year) ([Fig. 1c](#fig1){ref-type="fig"}). Thus, we conclude that **DPA6** is a kinetically stable liquid at ambient temperatures.[@cit20]

Crystallization tendency governed by alkyl-π ratio and the bulkiness of the π-unit
----------------------------------------------------------------------------------

Judging from the phase behaviours of **DPA2** → **DPA6**, lengthening the alkyl chains reduces the melting point. According to the decreased entropy values from **DPA4** (111.0 J mol^--1^ K^--1^) to **DPA2** (131.8 J mol^--1^ K^--1^) at their respective melting temperatures (Table S1, ESI[†](#fn1){ref-type="fn"}), solid **DPA4** has a larger amorphous content than solid **DPA2**. For **DPA6**, the amorphousness may be further enhanced by its bulkier and more random alkyl side chains, thus suppressing solidification.

On the other hand, from **DPA6** → **DPA10**, lengthening the alkyl chains enhances the crystallization tendency of the melts. To gain deeper insight, the distribution of **DPA** units in **DPA6**, **DPA8**, and **DPA10** melts at 30 °C was investigated. All three melts were isotropic liquids, as confirmed by the absence of birefringence in polarized optical microscopic (POM) observations (Fig. S6, ESI[†](#fn1){ref-type="fn"}). Their liquid-like behaviours were suggested by the higher values for viscous loss moduli (*G*′′) than for storage elastic moduli (*G*′) throughout the measured angular frequency (*ω*) range (Fig. S7, ESI[†](#fn1){ref-type="fn"}). The subsequent small- and wide-angle X-ray scattering (SWAXS) measurements verified the lack of long-range molecular ordering, as no sharp crystalline peaks were detected ([Fig. 3a](#fig3){ref-type="fig"}). The average intermolecular **DPA**--**DPA** distances (taken from the top of the halo appearing in the small-angle region) in **DPA6** (18.9 Å), **DPA8** (21.0 Å), and **DPA10** (22.0 Å) were much larger than that for active π--π interactions (3.4--3.5 Å), indicating negligible interactions among adjacent **DPA** units. We thus hypothesize that the increased crystallization tendency from **DPA6** → **DPA10** might originate from increased van der Waals interactions among alkyl chains of longer lengths.[@cit3b] In addition, when the length of alkyl chains increases from **DPA6** → **DPA10**, the low-*q* halo become narrower ([Fig. 3a](#fig3){ref-type="fig"}, full width at half maximum was calculated as 0.26 Å^--1^ for **DPA6**, 0.22 Å^--1^ for **DPA8**, and 0.19 Å^--1^ for **DPA10**), suggesting improved regularity of intermolecular distances. Such an improvement is probably caused by the more uniform molecular shape, *e.g.*, more globular-like, with longer alkyl side chains, which may also contribute to the enhanced crystallization tendency.

![(a) SWAXS profiles and (b) complex viscosity (*η*\*) of **DPA6** (blue), **DPA8** (green), **DPA10** (red), and **DPA8Br** (orange) at 30 °C (*ω*, angular frequency).](c8sc02723d-f3){#fig3}

The viscosity of liquid is also influenced by the alkyl-**DPA** ratio. As confirmed by the order of complex viscosity (*η*\*) of the melts at 30 °C (at angular frequency (*ω*) = 10 rad s^--1^) of **DPA10** (3.0 Pa s) \< **DPA8** (4.4 Pa s) \< **DPA6** (7.1 Pa s) ([Fig. 3b](#fig3){ref-type="fig"} and Table S1, ESI[†](#fn1){ref-type="fn"}), higher alkyl chain contents promote greater molecular softening and thus increase fluidity. Consequently, **DPA10** and **DPA8** may experience faster molecular diffusion, which can facilitate crystallization. Therefore, it can be concluded that the kinetic stability of alkylated-π FMLs is governed by the alkyl-π ratio.

In addition, we introduced bromine atoms on the 2,6-positions of anthracene in **DPA8**, yielding the kinetically stable liquid of **DPA8Br** ([Fig. 1a and b](#fig1){ref-type="fig"}). No crystallization is observed either in the DSC measurements ([Fig. 2a](#fig2){ref-type="fig"} and S8, ESI[†](#fn1){ref-type="fn"}) or after long-term (\>1 year) aging at ambient temperature. Possible reasons for the suppressed crystallization of **DPA8Br** include a decrease of π-skeleton symmetry from *D*~2h~ to *C*~2h~ and a higher *η*\* (9.0 Pa s) than that of **DPA8** (4.4 Pa s) ([Fig. 3b](#fig3){ref-type="fig"} and Table S1, ESI[†](#fn1){ref-type="fn"}). The increased viscosity may originate from the larger molecular size of **DPA8Br**. As supported by SWAXS analysis, the average core-to-core distance of **DPA8Br** (21.3 Å) is slightly larger than that of **DPA8** (21.0 Å) ([Fig. 3a](#fig3){ref-type="fig"}).

Structural and photophysical changes of **DPA8** and **DPA10** upon SCL-to-crystal transition
---------------------------------------------------------------------------------------------

To identify the molecular organization during crystallization, variable-temperature SWAXS and POM studies were performed for **DPA10**; the results agreed well with the DSC findings. As **DPA10** was cooled from 30 to --30 °C, the broad halos in the SWAXS profile and the dark sample region in the POM image ([Fig. 4a](#fig4){ref-type="fig"}) were retained, indicating supercooling of the melt. Upon heating from --30 to --15 °C at 10 °C min^--1^, crystalline peaks were detected by SWAXS and birefringence was observed *via* POM in the SCL domain. The peaks in the SWAXS profiles sharpened and intensified, and the texture in the POM images gradually propagated throughout the sample area as the temperature was elevated from --15 to 15 °C. Further heating to 30 °C caused the collapse of all SWAXS sharp peaks and POM texture (see also Movie S1, ESI[†](#fn1){ref-type="fn"}) due to the melting of the crystalline phase. The profile at 15 °C exhibited multiple peaks ([Fig. 4a](#fig4){ref-type="fig"}). However, all peaks were relatively broad. Moreover, the broad halo at the wide-angle region (4.5 Å), which corresponds to the mean distance between molten alkyl chains ([Fig. 3a](#fig3){ref-type="fig"}), remained in the profile. Thus, the crystalline sample of **DPA10** is partially amorphous, resembling a liquid crystalline phase. However, pressing and shear caused no changes in the POM texture (Fig. S10, ESI[†](#fn1){ref-type="fn"}). And the enthalpy values at *T*~c~ and *T*~m~ of the DSC curve are quite high (Table S1, ESI[†](#fn1){ref-type="fn"}). Therefore, **DPA10** is not only partially amorphous but also partially crystalline.

![(a) Variable-temperature SWAXS profiles (left) and POM images (right; scale bar (sb), 50 μm) of **DPA10** cooled from 30 to --30 °C, and then heated to --15, 0, 15, and 30 °C at 10 °C min^--1^ (top to down). (b) SWAXS profiles (left) and POM images (right; sb, 50 μm for (i--iii) and 100 μm for (iv--vi)) of **DPA8**: (i) freshly melted, (ii) annealed at --18 °C for 1 day, and subsequent aging at 15 °C for (iii) 1 day, (iv) 3 days, (v) 7 days, and (vi) 14 days. The sample area was denoted with asterisk (\*) in the POM.](c8sc02723d-f4){#fig4}

The crystallization of **DPA8** was also monitored *via* SWAXS and POM ([Fig. 4b](#fig4){ref-type="fig"}), by annealing the sample at --18 °C [@cit21] for 1 day and then holding it at 15 °C. Multiple peaks in the SWAXS profile and birefringence texture on the POM image appeared after aging at 15 °C for 1 day. After 7 days, crystallization ceased. POM images show a dendritic texture ([Fig. 4b](#fig4){ref-type="fig"}) with a larger domain size than the spherulite texture of **DPA10** formed *via* a slow crystallization process by annealing the melted sample at --5 °C for 7 h (Fig. S9a, ESI[†](#fn1){ref-type="fn"}). As further reflected in the SWAXS profiles, crystalline **DPA8** exhibited a larger number of sharp peaks and a less intense alkyl halo ([Fig. 4b](#fig4){ref-type="fig"}) than did **DPA10** (Fig. S9b, ESI[†](#fn1){ref-type="fn"}). The molecular packing structures in the crystalline states of both **DPA8** and **DPA10** were difficult to determine because of their complex patterns, which showed larger numbers of peaks than those of any considerable liquid crystals, and both broader and fewer peaks than those of the presumed single-crystalline materials.

To analyze the influence of the SCL-to-crystal transition on the optical characteristics, the photophysical properties of **DPA*n*** were studied. The melts of **DPA6**, **DPA8**, and **DPA10** showed optical features comparable to those of their dilute solutions (Fig. S11 and Table S2, ESI[†](#fn1){ref-type="fn"}), confirming the absence of significant intermolecular interactions among the solvent-free **DPA** chromophores. [Fig. 5a](#fig5){ref-type="fig"} shows good spectral consistence between liquid **DPA6** and SCLs of **DPA8** and **DPA10**, further indicating that the supercooled state is indistinguishable by spectroscopic features. The more vibronic structure of the fluorescence bands of **DPA8** and **DPA10** may originate from their lower viscosities. Upon crystallization, the emission bands of **DPA8** and **DPA10** become less vibronic (with the disappearance of the 411 nm shoulder peak) and slightly blue-shifted ([Fig. 5a](#fig5){ref-type="fig"}). The spectral shift is ascribed to increased molecular organization, rather than restricted molecular motion, in the solid crystalline state. As confirmed by the temperature-variable fluorescence spectra of **DPA10**, negligible spectral shift is observed when the sample is frozen into the amorphous glass state upon cooling from 10 to --110 °C ([Fig. 5b](#fig5){ref-type="fig"}, up). However, subsequent heating to above --50 °C (at which crystallization could occur) causes a hypsochromic shift of the emission band ([Fig. 5b](#fig5){ref-type="fig"}, below). According to these results, the crystallization of a luminescent supercooled FML leads to non-steady photophysical properties.

![(a) Normalized UV-vis absorption (left) and fluorescence (right) spectra of **DPA6** (blue), **DPA8** (green) and **DPA10** (red) as liquid (dashed line) and crystalline (solid line) at 20 °C. (b) Variable-temperature fluorescence spectra of **DPA10** measured at 20 °C steps during cooling from 10 to --110 °C (up) and subsequent heating from --110 to 10 °C (below; inset, maximum emission wavelength at each temperature) at 10 °C min^--1^.](c8sc02723d-f5){#fig5}

Conclusions
===========

We elucidate the issue of supercooling of FMLs for the first time and propose effective measures to distinguish and eradicate the undesired metastable matter. By liquefying a solid π-molecule, 9,10-diphenylanthracene, with branched alkyl chains and further modifying the anthracene core with bulky atoms, we clarify three fundamental factors to prohibit the formation of supercooled FMLs: (i) a delicate alkyl chain-to-π ratio, (ii) a bulkier π-unit, and (iii) a less symmetric π-skeleton. These findings are essential to avoid the misuse of SCLs with non-steady functions and facilitate long-term practical applications of FMLs. In addition, rapid discrimination of supercooled FMLs is enabled by appropriate thermal treatment that accelerates the crystallization process. Deeper studies of the effect of π-skeleton structure on the kinetic stability of FMLs and the organization of supercooled molecules during crystallization would aid the development of advanced molecular design methodologies for the production of more reliable functional soft materials. Research in this direction is in progress.
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